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A strong coherent superposition is shown to be induced between the energy states of a two-level
emitter immersed in a surface plasmon polariton evanescently confined to a small metallic ring.
It turns out that there is nearly equal chance for the two-level emitter to be found either in the
upper or lower energy level at steady state even for a weaker surface plasmon driving strength. This
indicates that it is possible to create a qubit that is robust against emitter spontaneous damping
rate, which can be applicable in designing a device that can perform certain quantum information
processing tasks. In support of this proposal, the photon statistics of the emitted radiation is found
to exhibit significant nonclassical features.
PACS numbers: 42.50.Ar, 42.50.Gy, 42.50.Dv, 72.20.Mf
It is a well established fact that when an atom is cou-
pled to an external radiation via the walls of the cavity
the structure of the atomic energy levels are considerably
altered, wherein it is possible to induce a coherent super-
position between the involved energy states [1–5]. With
this background and based on the observed strong anal-
ogy between the light and the surface plasmon polariton
(SPP), the chance for inducing the coherent superposi-
tion when a two-level emitter interacts with the surface
plasmon is explored. Earlier, due to the accompanying
tight field confinement and reduced velocity of the surface
plasmon, the nanoscale structure is observed to capture
the majority of spontaneously emitted radiation into the
guided surface plasmon modes [6, 7]. In line with this,
embedding an emitter in the SPP was shown to lead to a
significant improvement in the stimulated emission pro-
file of the surface plasmon mode [8–10].
In connection with this, the field of plasmonics is cur-
rently attracting intense interest mainly in view of the
scalability, the strong coherent coupling of the nanoscale
structure with the emitters immersed in it, and a re-
markable potential it shows to carry out certain quan-
tum information processing tasks [11–13]. These inter-
ests can impart even far-reaching sense if viewed in terms
of unique capabilities, foreseeable applicability, and tech-
nical feasibility of the SPP to localize [14] and manipu-
late [15] electromagnetic radiation and the emitter [16].
The technique that enables to instigate strong coherent
coupling between individual optical emitters and exci-
tation guided plasmon localized to nanowire has been
described in [17] and promising candidates for achieving
such strong coupling between photons and atoms have
been experimentally realized [18–20]. Moreover, photon-
emitter interaction via sub-wavelength confinement of
optical fields near metallic nanoscale structure has al-
ready been demonstrated [21, 22]. In this contribution,
owing to the emerging enhanced coupling between the
SPP and the emitter placed in it, a mechanism that has
a potential to induce a significant coherent superposition
between the energy states of the emitter is reported.
The proposed system mainly comprises a small metal-
lic ring and a two-level emitter placed at a fixed point
very close to the outer surface of the ring. The system
under consideration is assumed to be pumped by an ex-
ternal coherent light continuously via a tampered waveg-
uide evanescently coupled to the ring. As a result of the
interaction of this external pumping coherent light with
the electron on the metal, after quite sometime a strong
surface plasmon mode can be induced on the outer sur-
face of the ring. Once created, the surface plasmon mode
is expected to propagate by tracking the geometry of the
ring due to the involved tight confinement. In a nanowire
regime, the higher modes of generated SPP are neglected
whereby only the axial modes are assumed to be success-
fully involved in the intended interaction [6].
The two-level emitter, on the other hand, is assumed
to be immersed well in the surface plasmon mode and
placed at a fixed position from the surface of the ring in
order to neglect the radial dependence of the interaction.
In this context, the emitter with small size sees the ax-
ially propagating modes which essentially resembles an
ordinary external pumping. Since the emitter absorbs
one of the surface plasmons at a time, it predominantly
emits the radiation in the direction of the propagation
of the SPP and hence any potential spontaneous emis-
sion in other directions is included in the corresponding
spontaneous emitter damping rate. It is worth noting
that nowadays plasmonic devices of this kind and on the
assumed scale can be practically realized [6, 23].
Quite obviously the dispersion relation of the propa-
gating surface plasmon modes depends on the involved
circular geometry, however, in the nanowire limit, it is
possible to treat the metal-air interface as planar. With
this consideration, the surface plasmon mode that prop-
agates at the interface between a metal and the air is
describable by the pertinent wave number that can be
expressed for nonmagnetic case as
k =
ω
c
√
εm
1 + εm
, (1)
where εm is the frequency dependent permittivity of the
metal, ω is the frequency of the SPP, and c is the speed of
2light. In order to obtain the accompanying dispersion re-
lation, it is preferred to define εm in view of the modified
Drude model as [24]
εm = ε∞ −
ω2p
ω2 + Γ2
+ i
ω2pΓ
ω(ω2 + Γ2)
, (2)
where Γ is the loss parameter that represents the electron
collision rate [17, 25], ωp is the plasma frequency, and ε∞
is the offset constant that accounts for the contribution
from the inter-band transitions of bound electrons in the
metal.
In light of the involved bulk interaction, the loss is
often turns out to be a serious challenge. Earlier pro-
posals indicated that this predicament can be circum-
vented by planting a gain (emitter) in the metal [25] or
by using metamaterial supported by electromagnetically
induced transparency of the medium instead of the metal
[26, 27]. However, in this contribution, the loss of energy
due to the absorption of the metal is neglected with the
presumption that the external continuous pumping can
somehow compensate for it. Recent numerical calcula-
tions show that the parameters that best fit the exper-
imental data of the dispersion relation, for instance, for
silver are in the order of 1016s−1 for ωp and 10
13s−1 for
Γ [26, 27]. However, for convenience, ωp = 1 is used in
numerical calculations throughout where the correspond-
ing value of Γ/ωp is taken to be in the region of 10
−3.
In the same manner, parameters under consideration in-
cluding ω, ck, and emitter spontaneous damping rate are
normalized with respect to ωp.
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FIG. 1: The real part of the dispersion relation for ε∞ = 5
and Γ = 10−3. In numerical calculation, the loss of energy to
the medium via absorption that accounts for the imaginary
part of the permittivity is neglected [28]. Separate numerical
calculation (data not included) shows that the contribution of
the imaginary part is quite small for parameters under con-
sideration. Even though two distinct branched bands of fre-
quency can be observed, the one that is lower than the light
line, ω = ck line, is considered.
As clearly shown in Fig. 1, the dispersion relation is
significantly deviated from the corresponding cavity filled
with a vacuum (ω = ck) particularly for larger values of
the wave number. For instance, the frequency at ck = 1
is less by more than half of the corresponding light line.
Generally, such a notable modification in the dispersion
relation is responsible for a significant change in the pop-
ulation dynamics which subsequently leads to strong co-
herent superposition. It is worth noting that a similar
form of dispersion relation has also observed earlier [28].
Furthermore, the emitter under consideration can be
generally perceived as an electric dipole that interacts
with the SPP evanescently confined to the outer surface
of the ring. The pertinent dipole moment is associated
with energy levels designated as |a〉 (excited state) and
|b〉 (lower state) and characterized by an excitation fre-
quency ωa = Ea−Eb. In line with this consideration, the
interaction Hamiltonian that represents a two-level emit-
ter immersed in a SPP can be described in the rotating
wave approximation by
HˆI = igs(ωk)
[
σˆ+aˆ− aˆ
†σˆ−
]
, (3)
where σˆ+ = |a〉〈b| and σˆ− = |b〉〈a| are the usual atomic
operators that satisfy the spin-1/2 algebra of the Pauli
matrices wherein σˆ+ and σˆ− describe the excitation and
de-excitation of the emitter, aˆ and aˆ† are the annihilation
and creation operators for SPP.
Moreover, gs(ωk) represents the coupling between the
emitter and the surface plasmon mode which is taken to
have the form
gs(ωk) = ωa|~µab|
√
1
2ε0V ωk
eˆk.uˆd, (4)
where |~µab| is the dipole moment, ε0 is the permittivity
of the free space, ωk is the frequency of the surface plas-
mon mode that depends on the accompanying dispersion
relation, eˆk is the unit vector in the direction of polar-
ization, uˆd is the unit vector parallel to the direction of
the dipole moment, and V is the quantization volume.
Treating the ring as some sort of a nanoscale cylindri-
cal shell leads to gs(ωk) ∝
1
R , where R is the radius of
the ring. This implies that the smaller the radius of the
ring, the stronger the coupling between the two would be.
Despite such a promise, the discussion in this contribu-
tion is restricted to the nanowire approximation to limit
the otherwise involved mathematical rigor. At this junc-
ture, it may worth emphasizing that the results reported
in this contribution can be readily modified for the bet-
ter by changing the radius and the thickness of the ring
which can be taken as motivation for further study of the
system under consideration.
The relatively small emitter placed well within the sur-
face plasmon mode experiences a continuous driving in
the same way as the atom trapped in the cavity and ex-
ternally pumped since the azimuthal dependence of the
polarization of the SPP can elude it as a result of its
size. In this context, driving a two-level emitter on reso-
nance by a surface plasmon mode can be taken as per the
3pumping of a two-level atom continuously by an external
laser beam whose frequency matches the atomic transi-
tion frequency. Therefore, upon treating the driving sur-
face plasmon mode classically (setting the operator aˆ as a
real positive c-number α), the Hamiltonian that describes
the interaction of a two-level emitter with the SPP in the
rotating wave and electric dipole approximations can be
expressed as
HˆI =
iΩs
2
(ωk)
[
σˆ+ − σˆ−
]
, (5)
where Ωs(ωk) = 2gs(ωk)α represents the amplitude of the
driving surface plasmon mode and can be interpreted in
the same way as the Rabi frequency.
The emitter actually recognizes the strength of the
pumping mechanism in terms of the intensity of the sur-
face plasmon and the strength of the coupling constant
that mainly depends on the size and geometry of the
metallic structure. Hence, as one might clearly infer from
Fig. 1, the amplitude of the surface plasmon mode that
is perceived by the two-level emitter decreases with ck.
Since the frequency of surface plasmon mode that is sup-
ported by the system under consideration is found to
be far less than the corresponding light line, the inter-
action between the emitter and the SPP acquires a far
better strength due to the size and geometry of the metal-
lic structure. Quite interestingly, this result indicates
that the chance for establishing emitter-SPP entangle-
ment can be far more significant specially for larger val-
ues of ck where the accompanying strength of pumping
by surface plasmon modes is not so great. Remarkably,
this coupling can be enhanced further by reducing the
size of the ring. It is hence possible to see in actual prac-
tical setting that the coupling can be controlled via the
size of the ring and the intensity of the external coherent
pumping.
Since the surface plasmon mode is perceived to prop-
agate round-and-round on the surface of the nanoscale
ring due its evanescent localization in the radial and lat-
eral directions, the emitter-ring coupled system can be
treated as some sort of cavity mechanism [7]. With this
consideration and following the standard procedure [29],
it is possible to verify that
dρˆ
dt
=
Ωs(ωk)
2
[
σˆ+ρˆ− ρˆσˆ− − σˆ−ρˆ− ρˆσˆ−
]
+
γ
2
[
2σˆ−ρˆσˆ+ − σˆ+σˆ−ρˆ− ρˆσˆ−σˆ+
]
, (6)
where ρ is the density operator that describes the popu-
lation dynamics of the emitter and γ is the spontaneous
damping rate of the emitter. It is a well established fact
that the emitter spontaneous damping rate is also differ-
ent from the corresponding cavity scenario. In this con-
tribution, for the sake of convenience, γ is taken to be
constant but with larger values than actually expected.
Making use of the master equation, the time evolu-
tion of the expectation values of the atomic creation,
atomic annihilation, and energy operators (defined as
σˆz = |a〉〈a| − |b〉〈b|) are found to be
d
dt
〈σˆ−(t)〉 = −
γ
2
〈σˆ−(t)〉 −
Ωs(ωk)
2
〈σˆz(t)〉, (7)
d
dt
〈σˆ+(t)〉 = −
γ
2
〈σˆ+(t)〉 −
Ωs(ωk)
2
〈σˆz(t)〉, (8)
d
dt
〈σˆz(t)〉 = −γ
(
〈σˆ+(t)〉+ 1
)
+Ωs(ωk)
[
〈σˆ−(t)〉 + 〈σˆ+(t)〉
]
. (9)
Upon solving these coupled differential equations, it is
possible to study the population dynamics of the emit-
ter and the property of the radiation. For instance, the
population dynamics of the two-level emitter can be de-
scribed by the probability of the emitter to be in the
upper energy level, which can be expressed as
ρaa(t) =
1
2
[
〈σˆz(t)〉 + 1
]
. (10)
Following the method outlined in [2], this expression is
found to take at steady state the form
ρaa =
Ωs(ωk)
2
2Ωs(ωk)2 + γ2
. (11)
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FIG. 2: The probability for the emitter to be in the upper
energy level at steady state for Γ = 10−3, ε∞ = 5, and dif-
ferent values of γ. Even though the cause of the spontaneous
damping of the emitter to the environment originates from
various physical processes, in the scale of the system under
consideration, the spontaneous emission rate to the surface
plasmon mode is very significant [30] which implies that γ is
actually smaller than what is considered here. Following sim-
ilar approach, it was shown earlier that ρaa ≈ 0.5 for a strong
and ρaa ≈ 0 for a weak external driving when the atom is
assumed to be trapped in a resonant cavity [2, 5].
4As one can clearly see from Fig. 2, the probability
for the emitter to be in the upper energy level at steady
state is very close to 50%. This generally indicates that
the surface plasmon can drive the emitter to the upper
energy level successfully in the same manner as the corre-
sponding two-level atom is driven with a strong external
coherent radiation in the cavity scenario. Contrary to
earlier observation of nearly 50% probability of finding
the atom trapped in a cavity in the upper energy level
when driven externally by a strong radiation [2, 5], crit-
ical scrutiny of Fig. 2 reveals that it is possible to pump
the emitter to the upper energy level efficiently espe-
cially when the spontaneous decay rate is comparatively
smaller without necessarily requiring intense surface plas-
mon mode. This outcome can be taken as encouraging
result for creating a robust qubit from the energy states
of the emitter by making use of the coupling associated
with the nanoscale confinement. It is worth noting that
the qubit to be created is still quite sensitive to the cor-
responding spontaneous damping rate.
Furthermore, it is a well established fact that the pho-
ton statistics of the emitted radiation can be studied by
using the normalized two-time second-order correlation
function that can be expressed in terms of the excitation
and de-excitation atomic operators in the form
g(2)(τ) =
〈σˆ+(t)σˆ+(t+ τ)σˆ−(t+ τ)σˆ−(t)〉
〈σˆ+(t)σˆ−(t)〉2
. (12)
Following the procedure developed for cavity scenario,
the corresponding normalized two-time second-order cor-
relation function in the strong driving limit and at steady
state is found to reduce to
g(2)(τ) = 1− cos(Ωs(ωk)τ)e
−3γτ/4. (13)
The anti-bunching phenomenon and the sub-
Poissonian character shown in Fig. 3 indicate that
it is possible to ascribe a quantum content to the emit-
ted radiation at least under certain specific conditions.
Since the surface plasmon mode can induce a coherent
superposition between the upper and lower energy states
of the emitter, the manifestation of the nonclassical
feature can be linked to this induced atomic coherent
superposition. With this background, it would not be
hard to envisage that if more number of emitters are
embedded in the surface plasmon, there can be a real
chance of entangling the involved atomic states via
the exchange of the available radiation [6]. Such an
understanding, on the other hand, can be taken as a
starting point for looking into the possibility of devel-
oping similar mechanisms for carrying out realizable
quantum information processing tasks.
In conclusion, the population dynamics of the emitter
which is relevant in inducing the coherent superposition
of the atomic states of the emitter is found to be signifi-
cantly modified. It is also clearly shown that the speed of
the surface plasmon mode supported by the system under
consideration can be made far less than the correspond-
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FIG. 3: Plots of the two-time correlation function at steady
state versus the delayed time for ck = 0.5, Γ = 10−3, ε∞ = 5,
and different values of γ. The nonclassical features of the
emitted radiation would be significant for shorter time of de-
layed coincidence. Quite interestingly, the nonclassical fea-
tures exists even for larger values of γ.
ing cavity situation under appropriate selection of the pa-
rameters. Such a possibility of observing reduced speed
implies that the emitter can enjoy a relatively longer time
to interact with the surface plasmon mode that can be
responsible for establishing a stronger coupling between
the emitter and SPP. In this context, even when a sub-
stantial damping rate due to spontaneous emission out
of the prescribed states are considered, the chance for
observing nearly 50% of the emitter to be in the upper
energy level, which can be taken as a basis for creating
a robust qubit from the energy states of the emitter, is
found to be quite significant. In addition, in relation to
the assumed circular geometry and continuous external
pumping, it is possible to induce intense surface plas-
mon mode wherein the photon statistics of the emitted
radiation can reveal nonclassical features for certain pa-
rameters. The quantum content of the radiation can be
linked predominantly to the coherent superposition that
can be induced by the surface plasmon mode. Hence
based on the observed significant modification in cou-
pling between the emitter and SPP, it is expected that
reliable and scalable device for carrying out certain quan-
tum information processing tasks can be designed from
such nanoscale structure.
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